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Hybrid Anion Exchangers (HAIX) for Selective Removal 
of Dissolved Arsenic Species and Other Ligands 

Inventors: Arup K. SenGupta and Luis Cumbal 

Department of Civil and Environmental Engineering 
Lehigh University, 13 E. Packer Ave., Bethlehem, PA 18015 USA 
Email: arup.senqupta@lehiqh.edu 

Invention Synopsis 

Using a neW chemical-thermal technique, polymeric anion exchangers have for the first 
time been used as the host materials in our laboratory for irreversibly dispersing 
Hydrated Fe(lll) Oxides (HFO) within the spherical exchanger beads. Since the anion 
exchangers have positively charged quaternary ammonium functional groups, anionic 
ligands such as arsenates, chromates, oxalates, phosphates, phthalates can permeate 
in and out of the gel phase and are not subject to Donnan exclusion effect. 
Consequently, the anion exchanger supported HFO micro particles, referred to as 
Hybrid Anion Exchanger or HAIX, showed significantly greater arsenic or ligand removal 
capacities in comparison with cation exchanger supports, all other conditions remaining 
identical. Polymeric anion exchangers do not have any capacity for ferric (Fe^* ) or 
ferrous (Fe^*) cations. Therefore, their uses as host materials for HFO for selective 
sorption of ligands have not been previously reported in the open literature. 

Newly prepared HAIX materials are amenable to efficient regeneration with sodium 
hydroxide and sodium chloride, and can be reused for multiple cycles without significant 
loss in arsenic removal capacity. An extensive investigation pertaining to arsenic 
removal frorn contaminated groundwaters clearly shows that HAIX far outperforms the 
cation exchanger doped HFO partricles studied earlier. 
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It is universally recognized that a fixed-bed sorption process is operationally simple, 
requires virtually no start-up time and is forgiving toward fluctuations in feed 
compositions. However, in order for the fixed-bed process to be viable and economically 
competitive, the sorbent: i) must exhibit high selectivity toward the target contaminant, 
ii) be durable and ill) amenable to efficient regeneration and reuse. Ideally, the removal 
of the target contaminant should not cause major changes in pH or in the composition of 
the influent water. In this regard, both amorphous and crystalline Hydrated Fe Oxide 
(HFO) show strong sorption affinity toward both As(lll) and As(V) oxyacids and 
oxyanions through ligand exchange in the coordination spheres of structural Fe atoms. 
Recent investigations using extended X-ray absorption fine structure (EXAFS) 
spectroscopy confirmed that As(lll) and As(V) species are selectively bound to the oxide 
surface through formation of inner sphere complexes. HFO particles also exhibit high 
sorption affinities toward phosphate, natural organic matters, selenite and other anionic 
ligands. Figure 1 shows an illustration of the binding of various solutes onto hydrated 



Fe(lll) oxides or HFO. Note that commonly encountered competing ions, such as 
chloride or sulfate can be sorbed only through Coulombic interaction or formation of 
outer sphere complexes. Thus, they exhibit poor sorption affinity toward HFO particles. 
On the contrary, ligands such as arsenite, monovalent arsenate, divalent arsenate, 
phosphate etc. are sorbed strongly through Lewis acid-base interaction or formation of 
inner sphere complexes. 

However, the traditional process of syntheses, although straightforward, produces only 
very fine submicron HFO particles which are unusable in fixed beds, permeable reactive 
barriers or any flow-through systems because of excessive pressure drops, poor 
mechanical, strength and unacceptable durability. In order to overcome this problem, 
the strong-acid cation exchangers have previously been modified to dope/disperse HFO 
particles for removal of phosphates. Iron-loaded cation exchange resins and alginates 
have also been tried to remove selenium and arsenic oxyanions. Although cation- 
exchanger-loaded hydrated Fe(lll) oxide (HFO) particles are capable of removing 
arsenates or phosphates, the removal capacities are reduced due to the following 
reason: the gel phase of the cation exchanger is negatively charged due to the 
presence of the sulfonic acid groups. That is why arsenates or As(V) oxyanions and 
phosphates are rejected due to Donnan co-ion exclusion effect and dispersed HFO 
particles in the gel phase are not accessible to dissolved anionic ligands for selective 
sorption. When we used macroporous cation exchangers as the host materials, arsenic 
removal capacity was not high but quite reasonable and in the order of 750 pg As/g of 
sorbent. However, when gel-type cation exchanger was used for dispersing HFO 
particles, the resulting material was ineffective altogether. Figure 2 shows a column 
run effluent history where a gel-type cation exchanger has been loaded with eight 
percent HFO present as Fe. Note that the arsenic breakthrough took place almost 
immediately i.e., the material had practically no arsenic removal capacity. This 
observation provided a significant clue that HFO particles when encapsulated within 
cation exchange sites are not accessible to arsenates or other anionic ligands for 
selective sorption as illustrated in Figure 3. At the same time, dispersing HFO particles 
within a cation exchanger material is a relatively straight fonward process and the same 
has been carried out previously by several researchers/inventors. 
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Underlying Hypothesis 

Unlike cation exchangers, anion exchangers have fixed positively charged functional 
groups. Thus, anionic ligands can easily permeate in and out of the gel phase without 
encountering Donnan co-ion exclusion effect. We hypothesized that if HFO particles 
could by some means be dispersed within a polymeric anion exchanger bead, arsenic 
or iigand removal capacity will significantly increase. On the other hand, forming 
hydrated Fe(lll) oxides within an anion exchange resin poses a major challenge due to 
positively charged quaternary ammonium functional groups. No previous report of 
dispersing HFO particles within a polymeric anion exchanger is recorded in the open 
literature. 

Stepwise Protocol for Preparation of Anion Exchanger Supported HFO Particles 

Since Fe^* and Fe^* are cations, they cannot be loaded onto the anion exchange resins. 
Thus, the technique used earlier for dispersing HFO particles within cation exchanger 
beads is not applicable when anion exchanger beads serve as the host materials. After 
having gone through several trial and errors, the following step-wise protocol was 
successfully developed and refined for dispersing HFO within polymeric anion exchange 
resins: 

Step 1 . Loading of Permanganate Anion (Mn04") 

Permanganate anion was loaded onto the anion exchanger (Purolite A400) by passing 
permanganate solution (500 mg/L KMn04) through the bed. 



R(CH3)3N*Cr + MnO/ <^ R(CH3)3 N* MnO/ + Cl" 

R(CH3)3 N* er = Anion exchange resin with quaternary ammonium functional group in 
chloride form. Anion exchange resins from other companies besides Purolite Inc. may 
also be used. Particles sizes of anion exchange resins used in our laboratory varied 
from 300 prn to 1000 pm. 
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step II. Concurrent Permanganate Desorption. fe(\\) Oxidation and HFO Formation 
Within Anion Exchanger 



During this step, permanganate loaded anion exchanger was brought in contact with 
5% ferrous sulfate solution. Desorption of MnO/ by sulfate, reduction of Mn04" to 
Mn02(s) and oxidation of Fe^^ to Fe^* and finally, precipitation of Fe(OH)3(s) within the 
anion exchanger beads took place in accordance with the following: 

Mn04' Desorption: 



2R(CH3)3 MnO,-+SO,'- <^ [R(CH3)3 N^Ja SO^"' +2 MnO/ 
Fe(ll) Oxidation and Formation of Ferric Hydroxide: 

MnO,- + 4H^ + 3e- > Mi^2 (s) + 2H,0 

3Pg2. OXIDATION 3pe3. 3^- 



3Fe'* + 90H- precipitation ^ 3Fe(OH)3 (s) 



overall: MnOA* + 3Fe^* + 2H2O + SOH" — Mn02(s) + 3Fe(OH)3(s) 
overbar and (s) denote solid phase. 
Step III. Acetone Wash and Drying 

Anion exchanger beads from Step II was washed with acetone and dried in a furnace at 
35°C for eight hours. 

Figure 4 depicts the major steps of the process. Step I and Step II can be repeated for 
the second time to achieve greater Fe(l[l) loading. During Step III, the use of acetone 
lowered the dielectric constant of water and enhanced the agglomeration of HFO 
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submicron particles through suppression of surface charges. HFO agglomerates were 
irreversibly encapsulated within the spherical anion exchanger beads; turbulence and 
mechanical stirring did not result in any noticeable loss of HFO particles. Instead of 
permanganate, other oxidizing anions, namely; hypochlorite or OCI", may also be used. 

Both gel and macroporous anion exchanger beads (Purolite A400 and A500 P) were 
used in the study. Mass loading of HFO onto the anion exchanger varied from 10-15% 
as Fe; the manganese content was less than 1% by mass as Mn. Figure 5A shows 
Hybrid Anion Exchanger (HAIX) particles. Figure 5B shows the scanning electron 
microphotograph (SEM) of a sliced parent polymer bead; the presence of macropores 
can be readily obsen/ed. Figure 5C shows a sliced HAIX particle containing HFO 
nanoparticles. While the polymeric anion exchanger beads offer excellent hydraulic 
properties and durability during fixed-bed column runs, the dispersed HFO 
microparticles serve as active sorbents for target ligands. 

Performance Evaluation of HAIX 

Experimental Protocol: 

A series of fixed-bed experiments were carried out in our laboratory to validate excellent 
As(lll) and As(V) removal capacities of HAIX. The experimental set-up Is illustrated in 
Figure 6. Tests were also conducted to validate HAIX's ability to remove chromate, 
phosphate and natural organic matter. The following results are noteworthy: 

1. As(lll) Removal 

Figure 7A - C provides As(lll) effluent histories for three separate column runs under 
nearly identical conditions using: A) parent Anion Exchanger Purolite A-500P B) HFO 
loaded cation exchanger reported earlier and C) Hybrid Anion Exchanger or HAIX. 

The parent anion exchanger was unable to remove any As(lll) (Fig. 7A) but the HFO 
loaded cation exchanger removed As(lll) over 2000 bed volumes corresponding to a 
breakthrough concentration of 10 [ig/L (Figure 78). However, HAIX or HFO loaded 
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anion exchanger treated nearly 12,000 bed volumes of contaminated feed water before 
the arsenic concentration reached 10 [sg/L (Figure 7C). 

2. As(V) Removal 

Figures 8 and 9 show the comparison of arsenic effluent histories between two column 
runs under identical conditions, one with cation exchanger loaded HFO and the other 
with HAIX. Total HFO loading for both materials was comparable and in the vicinity of 
10% by mass as Fe. Note that HAIX offered much greater arsenic breakthrough 
capacity. 

3. Regeneration 

Arsenic loaded HAIX column was very efficiently regeneraged using 3% NaCI + 2% 
NaOH with an empty bed contact time of five minutes. In less than 10 bed volumes 
over 90% of arsenic was desorbed (Figure 10). 

4. Simultaneous Removal of Arsenate and Chromate 

HAIX column was fed with a representative synthetic feed water containing both trace 
concentrations of arsenic and chromium (VI). Note that the HAIX column was very 
effective in removing both arsenic(V) and chromium(VI) simultaneously up to nearly 
2000 bed volumes (Figure 11). Upon exhaustion, the column was regenerated using 
2% NaOH and 3% NaCI. Figure 12 shows that the desorption of arsenate and 
chromate was very efficient. 

5. Removal of Phosphate 

HAIX column was fed with a feed solution containing phosphate. Figure 13 shows the 
effluent history of P confirming HAIX's ability to selectively remove phosphate in the 
presence of other competing anions, namely, chloride and sulfate. 

6. Reuse for Multiple Cycles 

One HAIX column was run successively for three cycles. After each cycle, the column 
was regenerated with 2% NaOH and 3% NaCI. Figure 14 shows the effluent arsenic 
histories for two successive column runs using groundwater collected from a 



contaminated site in Ontario, Canada. Note that arsenic effluent histories rennained 
essentially the same. These results provide evidence that HAIX can be regenerated and 
reused for multiple cycles without any significant loss in arsenic removal capacity. 
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step 2 . Desorption and simultaneous redox/precipitation in the gel phase 
and pores at pH < 4.0 



-~(CH,),N*— Mn04 



^ (CH,),N*^ 



^(CH,),N*^ 

MnO,- + 4H* + 3e- .^eyPJQO!^ M^^O) + 2H^O 
3Fe2^ ox'.PATioN _» 3Fe^^ + 36' 



SO^"^* 2 MnO; 



3Fe^^ +90H-— £^^-^'^^^^3Fe(OH)3(s) 
Step 3 . Acetone Wash and Drying 



Figure 4 Illustration of the three-step protocol for preparing HAIX sorbents 
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